values between these two strains and Microbulbifer reference strains were significantly lower than 70 %, the generally accepted threshold level below which strains are considered to belong to separate species. Based on differences in taxonomic characteristics, the three isolates represent two novel species of the genus Microbulbifer, for which the names Microbulbifer chitinilyticus Chitin is abundant in nature, second only to cellulose as a crucial structural component of the cell walls of fungi and certain green algae, and is a major constituent of the shells, cuticles and exoskeletons of worms, molluscs and arthropods, including crustaceans and insects. It is an insoluble homopolymer composed of linear chains of b-1,4-linked Nacetyl-b-D-glucosamine residues, which are highly crosslinked by hydrogen bonds. Chitin and its partially deacetylated derivatives exhibit interesting properties and constitute a valuable raw material for biomedical, agricultural, cosmetic and innovative biotechnological applications (Muzzarelli, 1997; Shigemasa & Minami, 1996) . In the aquatic biosphere, annual production of chitin is about 10 11 metric tons (Keyhani & Roseman, 1999) , but only a tiny minority remains in the environment. The high turnover rate of the polysaccharide is attributed primarily to microorganisms that degrade chitin, allowing carbon and nitrogen to return to the ecosystem (Gooday, 1990) . It seems likely that mangrove forests could be a rich source of chitindegrading bacteria. Mangrove forests are plant communities in saline coastal habitats that are distributed over a wide range of geographical zones. Mangrove ecosystems play an important role as refuge, feeding and breeding areas for many organisms and sustain an extensive food web based on detritus (Jennerjahn & Ittekkot, 2002) . During a search for chitin-degrading micro-organisms in mangrove forests in Okinawa, Japan, novel strains of the genus Microbulbifer were isolated. The genus Microbulbifer comprises Gramnegative, strictly aerobic gammaproteobacteria (González et al., 1997) and includes chitin-degrading species that are distributed widely in nature, especially in aquatic environments such as oceans and salt marshes (Humm, 1946; González et al., 1997; Yoon et al., 2003; Miyazaki et al., 2008) . In this paper, the results of taxonomic studies on three of the chitin-degrading isolates from mangrove forests are described.
Strains ABABA211, ABABA212 T and ABABA23 T were isolated from mud samples from mangrove forests at Gesashi Bay in Okinawa, Japan. Microbulbifer donghaiensis JCM 15145
T (Wang et al., 2009) , Microbulbifer halophilus KCTC 12848
T (Tang et al., 2008) , Microbulbifer maritimus JCM 12187
T (Yoon et al., 2004) and Microbulbifer thermotolerans JAMB A94
T (Miyazaki et al., 2008) were used as reference strains. Bacteria were maintained on marine agar 2216 (MA; Difco) plates or in marine broth 2216 (MB; Difco), incubated aerobically for 2 or 3 days at the optimum temperature and stored at 280 u C in 15 % (v/v) glycerol. Unless otherwise indicated, physiological tests were performed with a slight modification of the general procedures described by Barrow & Feltham (1993) and Baumann et al. (1972) , i.e. artificial seawater was used (16 artificial seawater consists of 2.75 % NaCl, 0.07 % KCl, 0.54 % MgCl 2 . 6H 2 O, 0.68 % MgSO 4 . 7H 2 O, 0.14 % CaCl 2 . 2H 2 O, 0.02 % NaHCO 3 ). Growth at various temperatures (0, 4, 8, 10, 12, 15, 20, 25, 30, 35, 37, 39, 41, 43, 45, 47, 50, 55 , 60 u C) was measured in MB. Growth at various NaCl concentrations was examined in medium containing 0.5 % peptone (Difco), 0.5 % yeast extract (Difco) and 0.32 % MgSO 4 . 7H 2 O, with NaCl concentrations of 0-15.0 % (w/v) at 0.5 % intervals. pH optimum and range for growth were determined in medium containing 0.5 % peptone, 0.5 % yeast extract, 0.32 % MgSO 4 . 7H 2 O and 3.0 % (w/v) NaCl with pH adjusted to 5.0-10.5 at intervals of 0.5. Acid production from sugars was assessed using modified OF medium (Hugh & Leifson, 1953) containing 0.56 artificial seawater, 0.1 % (NH 4 ) 2 SO 4 , 0.1 % yeast extract (Difco), 0.1 % Tris, 1.4 % NaCl, 1 % test sugar and 0.006 % bromothymol blue (pH adjusted to 7.2 at 20 u C) with incubation at optimum temperature. Oxidase activity was determined by spreading cell pellets on oxidase test paper (Nissui Pharmaceutical). Gelatinase, protease, amylase, lipase, chitinase and xylanase activities were determined on MA plates using substrate concentrations of 1 % (w/v). DNase activity was assessed using DNase test agar (Difco). Hydrogen sulfide production from thiosulfate and the production of indole were assessed using stabs of sulfide indole motility agar (Nissui Pharmaceutical) prepared with 0.56 artificial seawater instead of water. DNA G+C content was determined using reversed-phase HPLC (Tamaoka & Komagata, 1984) . For analysis of relatedness, DNA-DNA hybridization was carried out at 48 u C for 3 h and measured fluorometrically using the method of Ezaki et al. (1989) . Hybridization was repeated six times for each sample. The highest and lowest values obtained in each sample were excluded and the means of the remaining four values were quoted as the DNA-DNA relatedness values.
Cellular fatty acids and isoprenoid quinones were extracted from the isolates and reference strains cultured in MB at optimal temperatures. Cells were washed twice with 0.7 % NaCl at 4 u C; this was followed by centrifugation at 8000 g and freeze-drying. Dried cells (20 mg) were placed in Teflon-lined, screw-capped tubes containing 2 ml anhydrous methanolic HCl and heated to 100 u C for 3 h. After cooling, 1 ml water was added and fatty acid methyl esters were extracted with n-hexane (Komagata & Suzuki, 1987) . Samples were analysed using a Shimadzu model GCMS-QP5050A GLC/MS with a DB-5MS column (J&W Scientific). Isoprenoid quinones were extracted with chloroform/methanol (2 : 1) from dried cells (200 mg), purified by TLC and analysed using reversed-phase HPLC as described previously (Miyazaki et al., 2006) .
To investigate the taxonomic position of the three chitindegrading isolates, 16S rRNA gene sequence analysis was performed. The 16S rRNA gene was amplified using the PCR method with primers 27F and 1492R (Lane, 1991) . PCR products were sequenced by the dideoxynucleotide chain-termination method using a DYEnamic ET terminator (MegaBACE) reagent premix (GE Healthcare) and a MegaBACE 1000 DNA sequencer (GE Healthcare). Primers 27F, 520R (59-GTATTACCGCGGCTGCTG-39), 780F (59-GATTAGATACCCTGGTAGTC-39), 907R (59-CCGTCA-ATTCCTTTGAGT-39) and 1492R were used in the gene sequencing reaction. Multiple alignments with sequences of the most closely related strains and calculations of levels of sequence similarity were carried out using CLUSTAL_X (Thompson et al., 1997) . Phylogenetic analyses were performed using two tree-making algorithms, the neighbourjoining (Saitou & Nei, 1987) [with the GENETYX-MAC program v.15.0.4 (SDC Software Development)] and maximum-parsimony (Fitch, 1971 ) (with the MEGA3 package; Kumar et al., 2004) methods. The evolutionary distance matrix for the neighbour-joining method was generated according to the algorithm of Kimura's twoparameter model (Kimura, 1980) . Bootstrap analysis (1000 replications) was carried out to evaluate the topology of the resulting tree (Felsenstein, 1985) .
Cells of strain ABABA212
T were rods, 0.5-0.6 mm wide and 1.5-2.0 mm long. The isolate retained viability for about 7 days at 37 u C on MA and 25 u C on 1/10 MA. Both rodshaped and coccoid cells were observed for 3 days or more on MA at 37 u C and 5 days or more on 1/10 MA at 25 u C. Resting coccoid cells retained viability for long periods (Nishijima et al., 2009) . Coccoid cells were 0.7 mm in diameter. Strain ABABA212
T was motile with a single peritrichous flagellum. Colonies were brown in colour, smooth, slightly irregular and 2.0-4.0 mm in diameter after 3 days incubation at 37 u C on MA. Strain ABABA212 T grew at 10-43 u C, pH 5.5-9.0 and in the presence of 0.5-13.0 % (w/v) NaCl, but showed no growth in the absence of NaCl. Strain ABABA212
T could hydrolyse aesculin, chitin, cellulose, casein, gelatin, starch and xylan. Cells of strain ABABA23
T were long rods, 0.3-0.4 mm wide and 1.5-4.0 mm long. The isolate retained viability for about 7 days at 37 u C on MA and 25 u C on 1/10 MA. Both rod-shaped and coccoid-ovoid cells were observed for 5 days or more on 1/10 MA at 25 u C. Coccoid-ovoid cells were 0.560.5-0.8 mm. An electron micrograph of negatively stained cells did not reveal flagella. Colonies were cream in colour, smooth, opaque, slightly irregular and 2.0-4.0 mm in diameter after 3 days incubation at 37 u C on MA. Strain ABABA23
T grew at 10-45 u C, pH 5.5-9.5
A. Baba and others and in the presence of 0.5-15.0 % (w/v) NaCl, but showed no growth in the absence of NaCl. Strain ABABA23 T could hydrolyse aesculin, chitin, casein, gelatin and starch. Detailed results from phenotypic and biochemical tests are given in the species description and shown in Table 1 .
The neighbour-joining tree of 16S rRNA gene sequences, which was also supported by the maximum-parsimony method, showed that the three isolates were members of the genus Microbulbifer (Fig. 1) . The 16S rRNA gene sequences of the isolates were compared with other sequences in public databases using the programs BLAST (http://www.ncbi.nlm.nih.gov/Blast.cgi/) and 
.4). Strain ABABA23
T showed highest similarities to strain ABABA211 (100 % sequence similarity), M. donghaiensis JCM 15145 T (97.3 %) and M. maritimus JCM 12187 T (96.8 %). The generally recommended and accepted criteria for delineating bacterial species state that strains with a DNA-DNA relatedness of ,70 %, as measured by hybridization, or with 16S rRNA gene sequence dissimilarity .3 % are considered to belong to separate species (Tindall et al., 2010) . The DNA-DNA hybridization value of 94 % indicated that strains ABABA23
T and ABABA211 represent the same species (see Supplementary Table S1 , available in IJSEM Online). DNA-DNA reassociation values between strain ABABA23
T and reference type strains were ,21 %; therefore, the isolates were identified as representatives of a novel species. The BLAST program indicated that the closest relatives of strain ABABA212 T were M. thermotolerans JAMB A94 T (96.5 % similarity) and M. halophilus KCTC 12848 T (96.2 %). DNA-DNA hybridization values between strains ABABA212
T and these type strains were ,32 %; therefore, this strain was identified as a representative of a novel species.
The whole-cell fatty acid compositions of strains ABABA212 T and ABABA23 T and reference strains are shown in Supplementary Table S2 (available in IJSEM Online). Certain differences in the fatty acid profiles were recognized between the isolates and the reference Microbulbifer type strains. The major fatty acids of strain ABABA212 T were C 16 : 0 , C 17 : 0 , C 18 : 1 , iso-C 15 : 0 , iso-C 17 : 0 and iso-C 17 : 1 and those of strain ABABA23
T were iso-C 15 : 0 , C 16 : 0 , iso-C 17 : 0 and iso-C 17 : 1 .
On the basis of the phenotypic, genotypic and phylogenetic data, it is logical to conclude that the chitin-degrading isolates studied are members of the genus Microbulbifer and that they represent two novel species within this genus. Cells are rod-shaped, 0.5-0.6 mm wide and 1.5-2.0 mm long; both rod-shaped and coccoid cells are present in older cultures. Coccoid cells are 0.7 mm in diameter. Cells are Gram-negative, strictly aerobic, chemo-organotrophic and motile by means of a peritrichous flagellum. Colonies on MA are slightly irregular, smooth, brown-coloured and 2-4 mm in diameter after 3 days incubation at 37 u C. Grows at 10-43 u C, with optimal growth at 37 u C; no growth occurs at temperatures .45 u C. Optimal growth occurs in about 2 % (w/v) NaCl and cells are able to grow in 13 % (w/v) NaCl; no growth occurs at NaCl concentrations ,0.5 % (w/v) NaCl. Grows at pH 5.5-9.5, with optimal growth at pH 7. The major isoprenoid quinone is Q-8. The dominant cellular fatty acids are iso-C 15 : 0 , C 16 : 0 , C 18 : 1 , C 17 : 0 , iso-C 17 : 0 and iso-C 17 : 1 .
The type strain is ABABA212 T (5JCM 16148 T 5NCIMB 14577 T ), isolated from mangrove forest mats in Okinawa, Japan. The DNA G+C content of the type strain is 60.2 mol%.
Description of Microbulbifer okinawensis sp. nov.
Microbulbifer okinawensis (o.ki.na.wen9sis. N.L. masc. adj. okinawensis of Okinawa, a region of Japan).
Cells are 0.3-0.4 mm wide and 1.5-4.0 mm long; both rodshaped and coccoid-ovoid cells are present in older cultures. Coccoid-ovoid cells are 0.560.5-0.8 mm. Cells are Gram-negative, strictly aerobic, chemo-organotrophic and non-motile. Colonies on MA are slightly irregular, smooth, cream-coloured and 2-4 mm in diameter after 3 days incubation at 37 u C. Grows at 10-45 u C, with optimal growth at 37 u C; no growth occurs at temperatures .48 u C. Optimal growth occurs in about 3 % (w/v) NaCl and cells are able to grow in 15 % (w/v) NaCl; no growth occurs in the absence of NaCl. Grows at pH 5.5-9.5, with optimal growth at pH 7.0-7.5. Positive for catalase, cytochrome oxidase and chitinase. Aesculin, casein, gelatin, starch, and Tweens 20, 40 and 80 are hydrolysed. Nitrate is not reduced to nitrite. Negative for agarase, cellulase, DNase, lipase, xylanase, and H 2 S and indole production. Two novel Microbulbifer species from mangrove forests
